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Summary
Anthocyanidin reductase (ANR, EC 1.3.1.77) cata-
lyzes the conversion of anthocyanidins to 2R, 3R-fla-
van-3-ols in Vitis vinifera grapes. These are basic struc-
tural units of proanthocyanidins (PAs). The regulation 
of PA biosynthesis at protein level is not yet clear. Here, 
we find a VvANR interaction partner called late em-
bryogenesis abundant protein (LEA), which can inter-
act with VvANR in the yeast two-hybrid (Y2H) system. 
We verified the interaction between VvANR and Vv-
LEA by Y2H and co-immunoprecipitation (CoIP) in 
yeast in vitro, and using the firefly luciferase comple-
mentation imaging (LCI) system in vivo. Additionally, 
the co-localization of VvANR and VvLEA in Arabidop-
sis thaliana protoplasts also provids the essential condi-
tions for their interaction. The different expressions of 
VvANR and VvLEA depended both on the age of the 
grape berries and on the duration of cold treatment. 
These findings provide primary evidence for protein-
regulation and the potential formation of multi-enzyme 
complex of VvANR, as well as of the PA biosynthesis.
K e y  w o r d s :  anthocyanidin reductase, late embryogen-
esis abundant protein, Vitis vinifera, yeast two-hybrid, protein-
protein interaction.
Introduction
Proanthocyanidins (PAs) (also referred to as condensed 
tannins) are oligomers or polymers of flavan-3-ol units, 
synthesized via the flavonoid metabolism pathway. PAs 
can protect plants from bacterial and fungal infection, from 
the attentions of herbivorous animals and insects, and can 
even inhibit the growth of nearby plants (BAIS et al. 2003, 
KOES et al. 2005). PAs and their monomers contained in the 
human diet also have beneficial effects on health including: 
antithrombotic effects, immunomodulatory and anticancer 
effects and anti-inflammatory effects (RAO et al. 2004, 
SANO et al. 2005, ZHAO et al. 2007). The majority of the 
PAs found in red wine are grape-derived. PAs participate 
in the mouth’s tactile perception and the ‘feel’ of a red wine 
because of their astringent, bitter properties. They also play 
important roles in the long-term color stability of red wines 
(KENNEDY 2008, CHIRA et al. 2009, JORDÃO et al. 2010, GRIS 
et al. 2011, JORDÃO et al. 2012). Therefore, studies on the 
biosynthesis and regulation of PAs in Vitis vinifera have 
attracted much attention due to their important contribu-
tion to quality in grapes and in wines. However, previous 
research in this field was mainly focused on the transcrip-
tional regulation of the structure genes encoding the key 
enzymes, such as the Myc family, the Myb family, WD40 
protein, WRKY and TFIIIA protein ‘WIP’. (MARLES et al. 
2003, DELUC et al. 2006, 2008, BOGS et al. 2007, CZEM-
MEL et al. 2009, 2012, TERRIER et al. 2009; AZUMA et al. 
2012). It remains unclear today, whether PA biosynthesis is 
regulated at the protein level, so it is worthwhile identify-
ing any potential ‘protein-protein regulatory factors’ or the 
multi-enzyme complex members (WINKEL-SHIRLEY 1999, 
JØRGENSEN et al. 2005).
Anthocyanidin reductase (ANR) is a key enzyme in 
PA biosynthesis, which has been reported to catalyze the 
conversion of anthocyanidins to 2R, 3R-flavan-3-ols such 
as (-)-epicatechin, (-)-epigallocatechin and (-)-epicatechin-
3-O-gallate (BOGS et al. 2005). To identify a possible regu-
lation mechanism for PA biosynthesis at the protein level, 
yeast two-hybrid (Y2H) was used to screen and test pro-
teins which might interact with the ANR in Vitis vinifera 
(VvANR). One gene of the late embryogenesis abundant 
protein (LEA) family was discovered from these positive 
VvANR interaction partners, and the interaction between 
VvLEA and VvANR was then confirmed both in vitro and 
in vivo. LEA, which was first reported in the cotyledons 
of cotton, Gossypium hirsutum, is usually more abundant 
in late embryogenesis than in mid embryogenesis or in the 
early germination period (DURE III et al. 1981, GALAU et al. 
1986). However, it has been reported that LEA can exist in 
many plant organs and its expression can be induced by a 
large number of factors including: drought, low tempera-
ture, salt damage and abscisic acid (ABA). Environmental 
stresses are important factors regulating plant secondary 
metabolism and LEA could help plants to avoid injury dur-
ing exposure to these (PARK et al. 2003, ZEGZOUTI et al. 
1997). Findings in this area are likely to provide impor-
tant evidence for discerning the regulation of VvANR ca-
talysis at protein level, as well as of PA biosynthesis, and 
the potential multi-enzyme complex member works with 
VvANR.
Material and Methods
P l a n t  m a t e r i a l s  a n d  g r o w t h  c o n d i -
t i o n s :  Arabidopsis thaliana plants (ecotype Columbia-0) 
were used in this study for the analysis of subcellular co-lo-
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calization of VvANR and VvLEA. Nicotiana benthamiana 
plants were used to verify the interaction between VvANR 
and VvLEA. These plants were grown in potting mix in 
a growth chamber, with illumination of about 120 μmol 
photons m-2s-1 over a 16 h photoperiod. Ten-year-old Vitis 
vinifera L. cv. Cabernet Sauvignon grapevines were grown 
in commercial vineyards in Beijing, China. Grape berries 
were sampled in 2011 at four weeks after full bloom (AFB) 
(before véraison), at eight weeks AFB (during véraison) 
and at 12 weeks AFB (after véraison). Representative sam-
ples of the whole vineyard population were taken accord-
ing to the method of BOULTON et al. (1995). On each sam-
pling date, three 100-berry samples were collected from 
seven 10-cluster selections at similar positions on at least 
50 different vines. Sampling time was always between 10 
am and 11 am. Berry samples were carried back to the lab-
oratory within two hours. After washing in distilled water, 
samples were dried with a clean cotton cloth at room tem-
perature before cold treatment.
T h e  s c r e e n i n g  o f  t h e  V v A N R  i n t e r a c -
t i o n  p a r t n e r  b y  Y 2 H  a n d  t h e  c l o n i n g  o f  
i t s  O p e n  R e a d i n g  F r a m e  ( O R F ) :  Bait clon-
ing and Y2H screening to obtain the interacting proteins 
were carried out following the manufacturer’s instructions 
(Clontech). The coding sequences of VvANR were cloned 
into pGBKT7 (Clontech) as baits and transformed into 
AH109 (Clontech) yeast strain. The cDNA library was 
constructed using total RNA isolated from 'Cabernet Sau-
vigno' berries at eight weeks AFB, and transformed into 
AH109 yeast strain for yeast mating.
After a sequence comparison in the National Center 
for Biotechnology Information (NCBI) database with 
BLAST, the VvANR interaction partner was found to be 
part of the C-terminal sequence of VvLEA (C-VvLEA). 
Thus the whole ORF of the VvANR interaction partner 
(called VvLEA) was amplified by PCR using the forward 
primer 5’-ATGGCTGATCGAGTTCACCC-3’, and the re-
verse primer 5’-TTACCAAAGTCTCACGCTGA-3’.
A n a l y s i s  o f  p r o t e i n  i n t e r a c t i o n  b y  
Y 2 H  a n d  c o - i m m u n o p r e c i p i t a t i o n  ( C o I P )  
i n  y e a s t :  The putative positive clones from Y2H 
screening were confirmed by Y2H test following the man-
ufacturer’s instructions (Clontech).
CoIP tests were performed using extracts of yeast cells 
(SHANG et al. 2010). Yeast strains were grown on SD medi-
um deficient in Leu, Trp, His, and Ade (SD-4) to OD
600
 1.0 
at 30 °C. The total protein samples of positive clones were 
prepared with an extraction buffer (2 mL∙g-1 cells) contain-
ing 50 mM HEPES (pH 7.4), 10 mM EDTA, 0.1 % (v/v) 
Triton X-100, 1 mM PMSF, and 1 μg∙mL each of aprotinin, 
leupeptin, and pepstatin A (Sigma-Aldrich). The antiserums 
used in CoIP were the antiserums (Bio-Med Biotechnol-
ogy) specific against MYC-tagged protein (in pGBKT7) 
and HA-tagged protein (in pGADT7), respectively. The 
immunoprecipitation experiments were performed with 
protein A/G Plus-agarose beads (Santa Cruz Biotechnol-
ogy) following the manufacturer’s protocol. First, the cell 
lysates, the protein A/G Plus-agarose beads and the antise-
rum against HA-tagged protein were incubated together at 
4 °C overnight in the extraction buffer. Second, the beads 
were thoroughly washed twice with buffer A (50 mM Tris, 
pH 8.0, and 150 mM NaCl, and 0.1 % [v/v] Triton X-100) 
and buffer B (50 mM Tris, pH 8.0, and 0.1 % [v/v] Triton 
X-100) and resuspended with SDS-PAGE sample buffer. 
The CoIP were separated on a 10 % SDS-PAGE and ana-
lyzed by Western blotting with anti-MYC serum (PAN et 
al. 2005). First, the proteins on the 10 % polyacrylamide 
gels were electrophoretically transferred to nitrocellulose 
membranes (0.45 μm, Amersham Biosciences, Little Chal-
fon, Buckinghamshire, UK) in 25 mM Tris-HCl (pH 8.3), 
192 mM glycine and 20 % (v/v) methanol. Second, the 
blotted membranes were pre-incubated for 2 h in a block-
ing buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 3% 
[w/v] BSA, 0.05 % [v/v] Tween-20), then incubated with 
gentle shaking for 3 h at room temperature in the antiserum 
against MYC-tagged protein (diluted 1:1000 in the block-
ing buffer). Third, after being extensively washed with 
TBST1 (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05 % 
[v/v] Tween-20), the membranes were incubated with goat 
anti-mouse IgG which had been conjugated with alkaline 
phosphatase (diluted 1:1000 in the TBST1) at room tem-
perature for 1 h, and then washed with TBST2 (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% [v/v] Tween-20) 
and TBS (10 mM Tris-HCl, pH 7.5, 150 mM NaCl). The 
proteins detected were visualized by inoculating the mem-
branes in BCIP/NBT (Promega).
T r a n s i e n t  e x p r e s s i o n  i n  A .  t h a l i a n a  
p r o t o p l a s t s :  To observe the subcellular co-locali-
zation of VvANR and VvLEA, the corresponding cDNA 
of the ORFs of VvANR and VvLEA were amplified with 
the forward primers 5’-CCGCTCGAGATGGCCAC-
CCAGCACCCCAT-3’, 5’-CCTTAATTAAATGGCT-
GATCGAGTTCACCC-3’ and the reverse primers 
5’-CGGGATCCCGATTCTGCAATAGCCCCTTG-3’, 
5’-AGGCGCGCCACCAAAGTCTCACGCTGAAAT-3’, 
respectively. The transcription of VvANR was driven by 
the Cauliflower mosaic virus (CaMV) 35S promoter and 
VvANR was downstream-tagged by green fluorescent pro-
tein (GFP). The 35S promoter-driver and GFP-cDNA were 
ligated into the pMD 19-T vector (Takara) at the PstI (5’-
end) and EcoRI (3’-end) sites, forming the vector called 
GFP-vector (ZHAO et al. 2011a). The cDNA of VvLEA was 
cloned to the PacI (5’-end) and AscI (3’-end) sites of the 
pMD 19-T vector harboring mCherry (a red fluorescent 
protein, RFP) (ZHAO et al. 2011a).
According to Sheen’s protocol (http://genetics.
mgh.harvard.edu/sheenweb/), protoplasts were isolated 
from leaves of three- to four-week old A. thaliana plants 
(ecotype Columbia-0), and were co-transformed by the 
VvANR-GFP and VvLEA-mCherry construct pair, to ob-
serve whether VvANR was co-localized with VvLEA. The 
fluorescence of GFP and mCherry was observed using a 
confocal laser scanning microscope (Nikon C1, Nikon 
Corporation, Tokyo, Japan) after incubation at 23 °C for 
16 h. The mCherry fluorescence and GFP fluorescence 
were excited respectively with a 543 nm HeNe green laser 
and 488 nm argon-ion laser, filtered with a 545 nm spec-
troscope. The mCherry fluorescence was detected with a 
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585-615 nm filter set and the GFP fluorescence was de-
tected with a 505-530 nm filter set.
T e s t  o f  p r o t e i n - p r o t e i n  i n t e r a c t i o n  
b y  f i r e f l y  l u c i f e r a s e  c o m p l e m e n t a t i o n  
i m a g i n g  ( L C I ) :  A luciferase (Luc) complementa-
tion imaging (LCI) assay was used according to proce-
dures described previously (CHEN et al. 2008), where the 
firefly Luc enzyme is divided into the N-terminal (NLuc) 
and C-terminal (CLuc) halves, which do not reassemble or 
function spontaneously. When the two fused proteins inter-
act, Luc enzyme can be reconstituted and the Luc activity 
can be observed. The primers for cloning VvANR-NLuc 
were: the forward primer 5’-GGGGTACCATGGCCAC-
CCAGCACCCCAT-3’ and the reverse primer 5’-CG-
GGATCCGGATTCTGCAATAGCCCCTTGG-3’; for 
VvANR-CLuc these were: the forward primer 5’-GGGG-
TACCATGGCCACCCAGCACCCCAT-3’ and the reverse 
primer 5’-CGGGATCCTCAATTCTGCAATAGCCCCT-
3’; for VvLEA-NLuc these were: the forward primer 
5’-GGGGTACCATGGCTGATCGAGTTCACCC-3’ and 
the reverse primer 5’-CGGGATCCGGCCAAAGTCT-
CACGCTGAAAT-3’; for VvLEA-CLuc these were: the 
forward primer 5’-GGGGTACCATGGCTGATCGAGT-
TCACCC-3’ and the reverse primer 5’-CGGGATCCT-
TACCAAAGTCTCACGCTGA-3’. The cDNAs were all 
cloned to the KpnI (5’-end) and BamHI (3’-end) sites of 
the NLuc and CLuc vectors, respectively. Agrobacterium 
tumefaciens (GV3101) was transformed with these con-
structs, and the bacterial suspensions with the same con-
centration were infiltrated into young but fully-expanded 
leaves of seven-week old N. benthamiana plants using a 
syringe without a needle. After infiltration, the plants were 
kept in darkness for 12 h and afterwards in 16/8 h light/
dark cycles for 60 h at room temperature. Luc activity was 
detected with a CCD imaging camera (iXon DV887DCS-
BV, Andor Technology, Belfast, UK).
C o l d  t r e a t m e n t  o f  ' C a b e r n e t  S a u v i -
g n o n '  b e r r i e s :  On each sampling day, 'Cabernet 
Sauvignon' berries were evenly divided into eight groups 
(180-200 berries per group). Four groups were incubated at 
5 °C and four at 25 °C (control) in the dark (relative humid-
ity 70 %). After incubation for 4, 12, 20 or 28 h, one group 
at 5 °C and one at 25 °C were frozen in liquid nitrogen and 
stored at -80 °C.
R e a l - t i m e  P C R :  T h e  total RNA of grape 
berries was extracted using a cetyltriethylammnonium 
bromide (CTAB) extraction buffer (HE et al. 2009). All 
RNA samples were incubated with DNase I (RNase-free, 
TaKaRa, Japan) and purified using an EZ-10 Spin Column 
RNA Purification Kit (BioBasic, Canada). The quality 
of RNA was verified by checking intact ribosomal bands 
by agarose gel electrophoresis and the absorbance ratios 
(A260/A280). All purified RNA samples were adjusted to 
the same concentration of 50 ng/μl with Rnase-free wa-
ter, and reverse-transcribed into cDNA using AMV reverse 
transcriptase (Takara, Japan) following the manufacturer’s 
instructions.
Quantification of the transcripts was done using 
SYBR® Premix Ex TaqTM (TaKaRa, Japan) on a 7300 Real 
Time PCR System (Applied Biosystems, USA). Each real-
time PCR reaction (20 μL) contained 2.0 μl of the cDNA 
template (100 ng/μl), 1.6 μL of the primer mixture (10 μM 
each, mixed with equivalent volume), 10.0 μl of 2 × SYBR 
Premix Ex Taq II and 0.4 μL of 50× ROX Reference Dye 
(Takara, Japan), and 6.0 μL ddH
2
O. The template cDNA 
was denatured at 95 °C for 30 s followed by 40 cycles of 
amplification with 95 °C for 10 s, 60°C for 31 s and a melt 
cycle from 60 °C to 95 °C. VvANR, VvLEA and VvUbiqui-
tin were analyzed simultaneously. Each sample was proc-
essed in two replicates to obtain two pieces of RNA, then 
reverse-transcribed into cDNA, and each cDNA sample 
was processed in three technical replicates of Real-time 
PCR.
 The primers of VvANR and VvUbiquitin for real-
time PCR were referred to previous report (BOGS et al. 
2005), with forward 5’-CAATACCAGTGTTCCTGAGC-
3’, and reverse 5’-AAACTGAACCCCTCTTTCAC-3’, 
forward 5’-GTGGTATTATTGAGCCATCCTT-3’ and 
reverse 5’-AACCTCCAATCCAGTCATCTAC-3’, re-
spectively. The primers specific for VvLEA were forward 
5’-ATGTCACCGTGTTCCAGACTGC-3’ and reverse 
5’-TCACCAAGGTTTCCTTCATGCC-3’ designed using 
the PRIMER PREMIER 5.0 program (PREMIER Biosoft 
International, California, USA). The efficiency of these 
primers was tested in preliminary experiments with tem-
plates of dilutions of the purified PCR product and main-
tained a γ2 value ≥ 0.98. VvUbiquitin cDNA was used as an 
internal control. The specificity of primers was verified on 
the basis of the following experiments. First, using cDNA 
from grape berries as a template, specific fragments were 
obtained through PCR amplification. Fragment sizes were 
182 bp for VvUbiquitin, 141 bp for VvANR, and 75 bp for 
VvLEA. These fragments were sequenced from both the 
3′-end and the 5′-end, and compared with nucleotide se-
quences published in Genbank. The results confirmed that 
they were identical. Second, the dissociation curve of each 
gene indicated the absence of primer dimer or other non-
specific products. The dissociation curve was obtained un-
der conditions of 95 °C for 15 s and 60 °C for 1 min.
The relative transcript abundance for each gene was 
quantified by normalizing to the expression level of VvU-
biquitin. Every run, for each sample, included the VvUbiq-
uitin control. The 2-ΔCt (ΔCt = Ct
Target
 - Ct
Ubiquitin
, Ct: cycle 
threshold) was used to obtain the normalized expression 
level of target genes (BOGS et al. 2005).
Results and Discussion
S c r e e n i n g  f o r  i n t e r a c t i o n  p a r t n e r s  
o f  V v A N R  i n  Y 2 H  f r o m  w h i c h  t h e  O R F  
( 8 0 4  b p )  w a s  c l o n e d  a n d  s e q u e n c e d :  In 
the Y2H screen using VvANR as bait, a VvANR interac-
tion partner was found which was a part of the C-terminal 
sequence (amino acid 129 to 267) of VvLEA (C-VvLEA). 
The ORF of VvLEA was then cloned which was 804 bp. 
The Pfam Database of Protein families categorizes six 
LEA groups (HUNDERTMARK and HINCHA 2008, PUNTA et al. 
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2012). VvLEA, found in this study, belonged to group 2 
(LEA_2). The nucleotide sequence of the VvLEA ORF we 
cloned from 'Cabernet Sauvignon' differed in only one base 
compared with the reference cDNA-sequence in the NCBI 
database for V. vinifera 'Pinot Noir', while the amino acid 
sequences were identical. Nucleic acid sequence align-
ments of VvLEA with LEA-genes of other dicotyledonous 
plants (including Prunus persica, Populus trichocarpa and 
Medicago truncatula) resulted in 53-63% identity.
Va l i d a t i o n  o f  p r o t e i n  i n t e r a c t i o n  b y  
Y 2 H  a n d  C o I P  i n  Ye a s t :  The interaction of 
the VvANR interaction partner and VvANR, the ORF of 
VvLEA and VvANR were confirmed with Y2H and CoIP 
assays in yeast, respectively. Both the cDNA-sequence 
of VvANR interaction partner and VvLEA were cloned 
to pGADT7, transformed into AH109 yeast strain with 
VvANR/pGBKT7, respectively. For negative controls, 
C-VvLEA/pGADT7 and pGBKT7, VvLEA/pGADT7 and 
pGBKT7, VvANR/pGBKT7 and pGADT7, pGADT7 and 
pGBKT7 were transformed into AH109 yeast strain, re-
spectively. All the transformed yeast strains were grown 
on SD-4, both the C-VvLEA/pGADT7 and VvANR/pG-
BKT7 construct pair (Fig. 1A), and the VvLEA/pGADT7 
and VvANR/pGBKT7 construct pair (Fig. 1B) had several 
positive clones, even when these clones were subcultured 
(Fig. 1C). The negative controls did not have any putative 
positive clones as expected (data not shown). For the CoIP 
of VvLEA and VvANR, C-VvLEA and VvANR in yeast 
respectively, anti-HA-tag antiserum (Bio-Med Biotechnol-
ogy) was used to precipitate the proteins extracted from 
the transformed yeast, and detected VvANR/pGBKT7 
with anti-MYC-tag antiserum (Bio-Med Biotechnology) 
(Fig. 1D, 1-2). The negative controls were the proteins 
extracted from the yeast co-transformed with VvLEA/
pGADT7 and pGBKT7, C-VvLEA/pGADT7 and pGB-
KT7 for CoIP assays (Fig. 1D, 3-4), respectively. The CoIP 
showed that both VvLEA and C-VvLEA could interact 
with VvANR in yeast.
T h e  s u b c e l l u l a r  c o - l o c a l i z a t i o n  o f  
V v A N R  a n d  V v L E A :  The co-localization of 
VvANR and VvLEA could be visualized in protoplasts 
of A. thaliana, which were transiently co-transfected with 
constructs for expression of VvANR-GFP and VvLEA-
mCherry fusion proteins under control of CaMV 35S 
promoter. Localization of the red fluorescing VvLEA-
mCherry fusion protein was detected under excitation with 
a 543 nm HeNe green laser (Fig. 2A), while VvANR-GFP 
was detected under excitation with a 488 nm argon-ion la-
ser (Fig. 2B). When both the 543 nm HeNe green laser 
line and 488 nm argon-ion laser line were used to excite 
the fluorescence protein, the microscope captured the 
fluorescence from the co-transformed protoplasts. The co-
localization of VvANR and VvLEA could be detected as 
yellow fluorescence (Fig. 2C). The A. thaliana protoplast 
co-transformed with VvANR-GFP and VvLEA-mCherry 
construct pair in bright field is shown in Fig. 2D. The result 
shows that VvANR can co-locate with VvLEA, properly 
in the cytoplasm, which is the essential condition for their 
interaction. It is reported that the GFP-vector does not ex-
Fig. 1: Yeast two-hybrid (Y2H) and co-immunoprecipitation 
(CoIP) assays for the interaction of C-VvLEA and VvANR, Vv-
LEA and VvANR with yeast total protein, respectively. A: Yeast 
co-transformed with C-VvLEA/pGADT7 and VvANR/pGBKT7 
construct pair, grown on SD-4; B: Yeast co-transformed with Vv-
LEA/pGADT7 and VvANR/pGBKT7 construct pair, grown on 
SD-4; C: The subculture of the positive clones in A and B, 1-7 
for A, 7-14 for B; D: The CoIP of VvLEA and VvANR, C-Vv-
LEA and VvANR in yeast, respectively. (1) for VvLEA/pGADT7 
and VvANR/pGBKT7, (2) for C-VvLEA/pGADT7 and VvANR/
pGBKT7, (3) for VvLEA/pGADT7 and pGBKT7, (4) for C-Vv-
LEA/pGADT7 and pGBKT7.
Fig. 2: The subcellular co-localization of VvANR and VvLEA 
in A. thaliana protoplast co-transformed with VvANR-GFP and 
VvLEA-mCherry construct pair. A: The localization of VvLEA-
mCherry fusion protein; B: The localization of VvANR-GFP 
fusion protein; C: The co-localization of VvANR-GFP and Vv-
LEA-mCherry fusion proteins; D: The co-transformed A. thal-
iana protoplast in bright field.
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press GFP without adding coding sequence to the 5’ end of 
the ORF of GFP (ZHAO et al. 2011a), and we also did not 
detect any fluorescence of GFP in the control cells.
V v L E A  i n t e r a c t e d  w i t h  V v A N R  t e s t -
e d  b y  L C I :  To further confirm the interaction between 
VvLEA and VvANR, LCI was used to verify it in vivo. 
This was achieved by Agrobacterium-mediated transient 
expression in N. benthamiana. We co-infiltrated VvLEA-
CLuc and VvANR-NLuc, VvLEA-NLuc and VvANR-
CLuc into a leaf of a N. benthamiana plant respectively 
(Fig. 3, I and II), and VvLEA-CLuc and NLuc, CLuc and 
VvANR-NLuc, CLuc and NLuc were added as negative 
controls into the same leaf (Fig. 3, III, IV and V). Both are-
as I and II showed Luc activity, while the negative controls 
could not reconstitute Luc enzyme to catalyze the luciferin 
reaction as expected, which further confirmed the interac-
tion between VvANR and VvLEA in vivo.
T h e  r e l a t i v e  e x p r e s s i o n  o f  V v A N R  
a n d  V v L E A  i n  ' C a b e r n e t  S a u v i g n o n '  b e r -
r i e s  u n d e r  c o l d  s t r e s s :  The relative expressions 
of VvANR and VvLEA were examined in 'Cabernet Sauvi-
gnon during berry development with cold treatment. The 
two-fold change cutoff was used to define the differential 
expressions between the cold treated group and the corre-
sponding control group (Fig. 4). The transcriptional activa-
tion of VvANR and VvLEA was time-course dependent.
For 'Cabernet Sauvignon' berries four weeks AFB, the 
expression of VvANR was just inhibited by cold treatment 
for 4 h, it was then up-regulated during the cold treatment. 
It reached a maximum at 20 h followed by a decrease by 
28 h. VvLEA was induced at the transcriptional level by 
cold treatment, which reached up to three-fold of the cor-
responding control after 28 h of cold treatment. As the cold 
treatment time increased, the relative expression of VvANR 
was up-regulated in the eight-week AFB samples com-
pared with the four-week AFB ones. The relative expres-
sion of VvLEA was also enhanced in the eight-week AFB 
samples, and showed a similar expression-response trend 
to those in the four-week AFB ones. In the 12-week AFB 
berries, VvANR was slightly induced by cold treatment for 
4 h and 12 h, followed by a significant reduction. In con-
trast, cold stress promoted VvLEA expression, especially 
when the the treatment lasted more than 12 h.
About a two-fold up-regulation was observed for the 
relative expression of VvANR in four-week AFB berries af-
ter 20 h of cold treatment, in eight-week AFB berries after 
28 h of cold treatment, and for the relative expression of 
VvLEA in four-week AFB berries after 28 h of cold treat-
ment and in 12-week AFB berries after 20 and 28 h of cold 
treatment. The study shows that cold stress can inhibit the 
relative expression of VvANR in young berries after a short 
treatment period and in older berries after a longer treat-
ment period. The up-regulation of the relative expression 
Fig. 3: VvLEA interaction with VvANR tested by firefly luci-
ferase complementation imaging (LCI) system. The left panel 
shows the bright field image of the infiltrated tobacco leaf. The 
right panel shows the image that a CCD picture of imaging ap-
paratus captured. I, II, III, IV and V were co-infiltrated with 
VvLEA-CLuc and VvANR-NLuc, VvLEA-NLuc and VvANR-
CLuc, VvLEA-CLuc and NLuc, CLuc and VvANR-NLuc, CLuc 
and NLuc, respectively.
Fig. 4: The fold change of relative expression of VvANR and VvLEA in 'Cabernet Sauvignon' during grape development with cold 
treatment.
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of VvLEA by cold treatment was in agreement with previ-
ous studies (SUTTON et al. 1992). It has also been reported 
that LEA can protect the enzyme activity under cold stress 
(LIU et al. 2010, ZHAO et al. 2011b). Here, we informed that 
VvLEA could protect VvANR activity under cold stress.
V v L E A :  p u t a t i v e  r e g u l a t o r  a n d  p o -
t e n t i a l  m u l t i - e n z y m e  c o m p l e x  m e m b e r  
o f  PA  b i o s y n t h e s i s :  According to the previous 
studies, VvLEA we discovered in this study belongs to the 
LEA_2 group. LEA_2 was first found in cotton, which is 
an untypical LEA protein, it is hydrophobic but has no se-
quence homology with other LEAs (GALAU et al. 1993). 
The LEA_2 found in A. thaliana contained one α-helix and 
seven β-strands, and could be induced by drought, cold, salt 
and light, but not by hormones like salicylic acid, jasmonic 
acid or ethylene. This indicates that LEA_2 is not a part 
of signal transduction pathways in plant-defense responses 
(SINGH et al. 2005). LEA_2 is a group of cold-stress re-
sponsive genes, which can also stabilize cellular structures 
including proteins and membranes under dehydration, 
and can ameliorate the detrimental effects of ionic (KCl) 
or freezing stress, but not NaCl or osmotic stress in yeast 
cells (CAI et al. 1995, CAMPBELL and CLOSE 1997, ZHANG 
et al. 2000, SOULAGES et al. 2003). It has been suggested 
that VvMYB5b, VvMYBPA1 and VvMYBPA2 can regulate 
VvANR at the transcriptional level (BOGS et al. 2007, DE-
LUC et al. 2008, TERRIER et al. 2009). However, the biologi-
cal and non-biological factors having influence on these 
regulations from VvMYB5b, VvMYBPA1 and VvMYBPA2 
remain unclear.
It has been reported that proteins might work in the 
form of multi-enzyme complex in the flavonoid pathway, 
especially for these having a direct interaction (WINKEL-
SHIRLEY 1999, JØRGENSEN et al. 2005). Since ANR is an im-
portant enzyme in PA biosynthesis and LEA plays an im-
portant role in the stress response in plants, the interaction 
between VvLEA and VvANR, and the profiles of the rela-
tive expression of VvANR and VvLEA in developing grape 
berries under cold stress, may help us to infer the protec-
tion of VvANR from VvLEA under adverse conditions, as 
well as the protein-protein regulation and the formation of 
multi-enzyme complex in secondary metabolism in plants. 
To throw new light on these questions, our future research 
will focus on the mechanisms of protection and regulation 
of VvANR by VvLEA, study if and how VvLEA affects 
the enzyme activity of VvANR under stress conditions 
both in vitro and in vivo.
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